Introduction {#sec1}
============

The environmental impact of anthropogenic CO~2~ emissions has become one of the biggest concerns of modern science. Solar fuels, produced efficiently from either electrocatalytic or photocatalytic CO~2~ reduction, offer a tantalizing route toward sustainable energy production.^[@ref1]−[@ref3]^ Many transition metal complexes have been studied as possible precursors to catalytically active species. The goal is to accomplish multiple electron--proton transfers required to transform CO~2~ not only to CO and formic acid (2e^--^) but also to highly desirable high-density fuels such as acetone (4e^--^) or methanol (6e^--^).^[@ref4]−[@ref14]^ One of the classical complexes, \[Re(BPY)(CO)~3~Cl\] (BPY = 2,2′-bipyridine), and the family of its plentiful derivatives have been well-established in the literature as the subject of numerous studies over the past few decades.^[@ref15]−[@ref24]^ However, the scarcity of noble metals such as rhenium has led to a refocusing of efforts toward complexes of the more Earth-abundant metals. In Group-7, manganese is the most promising candidate, and the analogous Mn-BPY complexes have recently been shown to be also active toward CO~2~ in the presence of Brønsted or Lewis acids.^[@ref25]−[@ref27]^ Since then the wealth of literature regarding the catalyst family of manganese α-diimine complexes has grown considerably.^[@ref28]−[@ref38]^ Despite the clear move in the literature toward these Earth-abundant metals, rhenium complexes still play a critical role as model or reference systems, especially as other avenues of research are pioneered, including the study of so-called proton-responsive ligands acting as local sources of the protons consumed along the catalytic CO~2~ reduction path.^[@ref39]−[@ref44]^ The idea of introducing an intramolecular source of protons proximal to the site of CO~2~ coordination and concomitant reduction to improve turnover rates has received a great deal of attention. In 2012, iron tetraphenylporphyrin (FeTPP) was modified by placing phenolic groups in all ortho/ortho′ positions, which led to a significant increase in the observed catalytic activity, attributed to the local proton sources now present.^[@ref39]^ Another efficient iron-based catalyst for selective reduction of CO~2~ to formate in aqueous solution is the reduced hydride cluster \[HFe~4~N(CO)~12~\]^−^.^[@ref45]^ Recently, a dinuclear rhenium complex, \[{Re(CO)~3~Cl}~2~(μ-L)\](L = 4-*tert*-butyl-2,6-bis(6-(1*H*-imidazol-2-yl)-pyridin-2-yl)phenol), has been reported by Siewert and co-workers to show an increased catalytic activity for the CO production in DMF/H~2~O relative to the activity of \[Re(BPY)(CO)~3~Cl\] in MeCN/H~2~O.^[@ref40]^ In the absence of CO~2~, the dinuclear complex undergoes two 2e^--^ cathodic steps. The first 2e^--^ reduction is L-based, triggering homolytic N--H bond cleavage at the imidazole site and reductive liberation of H~2~. The reductive deprotonation of imidazole (ImH) to imidazolate (Im^--^) has also been demonstrated by Hartl and co-workers in the related complexes \[Re(BPY)(CO)~3~(ImH)\]^+^ and \[Re(PHEN)(CO)~3~(ImH)\]^+^ (PHEN = 1,10-phenanthroline).^[@ref41],[@ref42]^ The second 2e^--^ reduction of the dinuclear Re complex triggers O--H bond cleavage at the phenol group and is accompanied by the loss of the Cl^--^ ligand and concomitant metal-centered reduction. It is in the latter step where a catalytic response is observed in the presence of CO~2~. In addition to this, the complex \[Mn(PDBPY)(CO)~3~Br\] (PDBPY = 4-phenyl-6-(phenyl-2,6-diol)-2,2′-bipyridine) shows extreme sensitivity toward added-acid strength as well an atypical reduction pathway for tricarbonyl Mn-BPY complexes, presenting with suppressed dimer formation in acetonitrile.^[@ref43]^ Interestingly, alternative positions of the phenolic groups from ortho in the latter complex to meta/para in related \[Mn(PTBPY)(CO)~3~Br\] (PTBPY = 4-phenyl-6-(phenyl-3,4,5-triol)-2,2′-bipyridine) resulted in a different cathodic path under Ar (dimerization, absent reductive deprotonation of the phenolic groups), as well as a reduced catalytic reactivity toward CO~2~.^[@ref43]^ Recently, the study has been extended to the corresponding Re complexes showing a higher selectivity for formate.^[@ref44]^ Fujita and co-workers studied the cathodic behavior of two proton-responsive complexes \[Re(*x*,*x*′-DHBPY)(CO)~3~Cl\] (*x* = 4 and 6, DHBPY = dihydroxy-2,2′-bipyridine).^[@ref46]^ In the case of Re/4,4′-DHBPY, an enhanced catalytic activity relative to reference Re/BPY was reported, while Re/6,6′-DHBPY proved to be inactive toward CO~2~ reduction. Both Re/*x*,*x*′-DHBPY complexes undergo two closely spaced, 1e^--^-reductive deprotonations, R1 at *E*~p,c~ = −1.56 V and R2 at *E*~p,c~ = −1.76 V vs Ag/AgCl for *x* = 4 ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). The intimate mechanism has been suggested to involve initial protonation of the singly reduced 4,4′-DHBPY ligand followed by H~2~ and proton dissociation to give \[Re(4,4′-DHBPY-H^+^)(CO)~3~Cl\]^−^. The three separate ν(CO) absorption bands corresponding to the parent *C*~*s*~ facial geometry, become red-shifted by about 10 cm^--1^ per 1e^--^ reduction. This value indicates that the Re-BPY metallacycle and, therefore, also the π-back-donation to the carbonyl ligands are barely affected by lowering the oxidation state. The moderate ν(CO) shift is explained by the formation of the reductively deprotonated 4,4′-DHBPY ligand acting as a stronger σ-donor. Dissociation of the axial Cl^--^ ligand was proposed to accompany the second reductive-deprotonation step R2, yielding a 5-coordinate complex, \[Re(4,4′-DHBPY-2H^+^)(CO)~3~\]^−^ ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). However, the split ν(CO) band pattern is not in favor of such an assignment, as fluxional 5-coordinate tricarbonyls generally show two (A~1~+ E) absorption bands. Electrocatalytic reduction of CO~2~ with Re/4,4′-DHBPY becomes triggered by the cathodic step R3 at *E*~p,c~= −2.03 V vs Ag/AgCl rather than preceding R2 (see Figure 6 in ref ([@ref46])), selectively transforming CO~2~ to CO with a faradaic efficiency of 95% ± 2% in dry DMF. Notably, Fujita and co-workers claimed \[Re(4,4′-DHBPY-2H^+^)(CO)~3~\]^−^ to be the catalyst and did not monitor the electron transfer process R3 and underlying structural transformation by IR spectroelectrochemistry; the molecular and electronic structure of the catalytically active species has therefore remained uncertain. [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"} presents it as the five-coordinate dianion, \[Re(4,4′-DHBPY-2H^+^)(CO)~3~\]^2--^, an equivalent of the radical \[Re(4,4′-di-*t*Bu-BPY)(CO)~3~\], but it also can be the corresponding trianion, \[Re(4,4′-DHBPY-2H^+^)(CO)~3~\]^3--^, an equivalent of \[Re(4,4′-di-*t*Bu-BPY)(CO)~3~\]^−^, the well-established catalyst with two added electrons delocalized over the π-system of the Re--N∩N(BPY) metalacycle.^[@ref47]^ This study will address the cathodic activation of a related double-deprotonated precatalyst. Notably, Fujita and co-workers^[@ref46]^ did not involve in their study the close complex with the 3,3′-dihydroxy-2,2′-bipyridine (3,3′-DHBPY) ligand. The photophysical properties of this complex and interesting photochemistry of its deprotonated anionic form were reported in the literature by Vogler and co-workers.^[@ref48],[@ref49]^ The parent Re/3,3′-DHBPY complex was shown to undergo single deprotonation with excess KOH or in dimethylformamide (DMF). Interestingly, the deprotonated anionic product, \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^−^, with the Re--N∩N metallacycle strongly absorbing at 416 nm, converts on exposure to light of λ \> 400 nm to a linkage isomer with Re--N∩O^--^ coordination ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}). Although rarely encountered for Re tricarbonyl complexes, this photoisomerization behavior bears some similarity with the so-called "roll-over" pathway common to several rhodium-^[@ref50],[@ref51]^ and platinum-based^[@ref52]^ C--H functionalization catalysts. In the original reports,^[@ref48],[@ref49]^ it remains unclear whether the chelating Re--N∩O^--^ coordination induces dissociation of the axial Cl^--^ ligand (not shown in [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}). This concomitant step cannot be excluded, as documented by another complex with a bidentate N∩O^--^ ligand at the Re(CO)~3~^+^ core, which binds pyridine in the axial position instead of Cl^--^.^[@ref53]^ The objective of this comparative study was to ascertain whether the metallacycle isomerization could also be induced electrochemically, on further reduction of \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^−^. Otherwise, the goal was to unravel the impact of the initial deprotonation step on the cathodic behavior of the complex and the potential of the identified reduction products to trigger catalytic reduction of carbon dioxide.

![Reduction Path of \[Re(4,4′-DHBPY)(CO)~3~Cl\]\
Involving two successive 1e^--^-reductive deprotonation steps, R1 and R2.](ic0c00263_0014){#sch1}

![Reaction Pathway of \[Re(3,3′-DHBPY)(CO)~3~Cl\]\
Involving facile chemical deprotonation of one hydroxyl group at 3,3′-DHBPY by addition of excess KOH to yield \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^−^ stabilized by intraligand hydrogen bonding. Exposure to the light of λ \> 400 nm triggers the "roll-over" isomerization, resulting in the Re--N∩O^--^ metallacycle. Addition of HCl at any stage will reverse the process.](ic0c00263_0015){#sch2}

Experimental Section {#sec2}
====================

Materials and Syntheses {#sec2.1}
-----------------------

Organic solvents were freshly distilled prior to use under an inert atmosphere of nitrogen from an appropriate drying agent: Na/benzophenone for tetrahydrofuran (THF) and CaH~2~ for butyronitrile (PrCN). The supporting electrolyte, Bu~4~NPF~6~ (Acros-Organics), was recrystallized twice from absolute ethanol. It was dried under vacuum at 373 K for 5 h and for an additional 20 min just prior to electrochemical measurements carried out under an atmosphere of dry argon. Standard Schlenk techniques were applied to all procedures. ^1^H NMR spectra were recorded on a Bruker Nanobay spectrometer (400 MHz). For the electrocatalytic studies (cyclic voltammetry/infrared spectroelectrochemistry (IR-SEC)), the electrolyte was saturated with CO~2~ by bubbling it on a frit at atmospheric pressure for ca. 10 min. Chemical deprotonation of \[Re(3,3′-DHBPY)(CO)~3~Cl\] was carried out using solid sodium bis(trimethylsilyl)amide (NaHMDS, 95%, Sigma-Aldrich).

### Synthesis of \[Re(3,3′-DHBPY)(CO)~3~Cl\] {#sec2.1.1}

A sample of \[Re(3,3′-DHBPY)(CO)~3~Cl\] was prepared according to the literature procedures.^[@ref48]^ The product identity and purity were confirmed by molecular absorption spectroscopies. IR (THF): ν(CO) at 2018, 1914, and 1893 cm^--1^. UV--vis (THF): λ~max~ = 350 nm. ^1^H NMR (400 MHz, CD~3~CN) δ 8.75 (2H, d, *J* = 5.2), 7.72 (2H, d, *J* = 8.8), 7.53 (2H, dd, *J* = 13.6, 3.2). For comparison, the ^1^H NMR spectrum of \[Re(4,4′-DHBPY)(CO)~3~Cl\] shows similar resonances at δ 8.66 (d), 7.69 (d), and 7.03 (dd). The broad signal of the phenolic protons at δ \> 9 (ref ([@ref46])) was not observed due to some moisture in acetonitrile*-d*~3~.

### Synthesis of \[Re(3,3′-DHBPY)(CO)~3~(OTf)\] (OTf = CF~3~SO~3~^--^) and Reactivity toward PrCN {#sec2.1.2}

\[Re(3,3′-DHBPY)(CO)~3~Cl\] (100 mg, 0.20 mol) and AgOTf (64 mg, 0.25 mol) were dissolved under an inert atmosphere in the dark in freshly distilled anhydrous THF (10 mL). The solution was stirred for 2 h at room temperature. The white precipitate of AgCl was then filtered off, and the solution was collected in a Schlenk vessel purged with argon. Hexane (4 × 10 mL) was added slowly to precipitate a yellow solid. The solvent was evaporated to dryness to collect a dry but extremely hydroscopic yellow powder in a moderate yield (33.6%). IR (THF): ν(CO) at 2032, 1928, 1910 cm^--1^. Rapid thermal conversion of \[Re(3,3′-DHBPY)(CO)~3~(OTf)\] to \[Re(3,3′-DHBPY)(CO)~3~(PrCN)\]^+^ takes place in PrCN. IR (PrCN): ν(CO) at 2039 and 1933 br cm^--1^. ^1^H NMR (400 MHz, CD~3~CN) δ 8.78 (2H, d, *J* = 5.2), 7.85 (2H, d, *J* = 8.8), 7.65 (2H, dd, *J* = 13.6, 3.2). This facile ligand exchange was utilized to prepare in situ electrochemical samples with the latter cationic complex.

Methods {#sec3}
=======

Cyclic Voltammetry {#sec3.1}
------------------

Cyclic voltammograms (CVs) were recorded with a Metrohm Autolab PGSTAT302N potentiostat operated with the Nova 1.9 software. The air-tight single-compartment electrochemical cell housed a 0.42 mm^2^ platinum microdisc working electrode \[polished between scans with a 0.25 μm diamond paste (Kemet International Ltd.)\], a coiled platinum wire counter electrode, and a silver wire pseudoreference electrode. The ferrocene/ferrocenium (Fc/Fc^+^) redox couple served as an internal standard for voltammetric measurements. Solutions contained 10^--1^ M Bu~4~NPF~6~ and 10^--3^ M analyte. The cell was chilled to 195 K by submersion in an acetone/dry ice slurry.

IR and UV--Vis Spectroelectrochemistry {#sec3.2}
--------------------------------------

IR SEC experiments were performed using a Bruker Vertex 70v FT-IR spectrometer equipped with a DLaTGS detector or linked to an external Bio-Rad FTS 60 MCT detector (with the sample compartment adapted for low-temperature spectroelectrochemistry). UV--vis SEC experiments were conducted with a Scinco S-3100 diode-array spectrophotometer (200--1100 nm). The in situ electrolyses were carried out using an air-tight OTTLE cell.^[@ref54]^ The cell was equipped with a platinum minigrid (32 wires per cm) working and auxiliary electrodes, a Ag microwire pseudoreference electrode, and optically transparent CaF~2~ windows. The course of the spectroelectrochemical experiment was monitored by thin-layer cyclic voltammetry controlled with a PalmSens EmStat3 potentiostat operated with the PSTrace5 software. Low-temperature spectroelectrochemical measurements were carried out with a cryostatted OTTLE cell.^[@ref55]^ Solutions contained 3 × 10^--1^ M Bu~4~NPF~6~ and 3 × 10^--3^ M analyte.

Coulometry {#sec3.3}
----------

To quantify the electrocatalytic reactions reported in this work, controlled potential electrolysis was conducted under Ar and CO~2~ in two electrochemical cells. The first one, controlled by a PalmSens3 potentiostat, was a pear-shaped cell, equipped with a Pt-microdisc (2 mm, diameter) working electrode, a Pt-wire counter electrode separated from the bulk solution by a Vycor tip, and an Ag-wire pseudoreference electrode. The second one, controlled by a BioLogic SP-200 potentiostat, was an H-shaped cell with three compartments separated at the bottom by dense glass frits and housing the Pt-foil working and counter electrodes with the geometric surface areas of 2 × 0.96 cm^2^ and 2 × 0.5 cm^2^, respectively, and a coiled Ag wire pseudoreference electrode. In both cases, the working and reference electrodes were immersed in a CO~2~-saturated THF solution containing 3 mM \[Re(3,3′-DHBPY)(CO)~3~Cl\], 0.5 M Bu~4~NPF~6~, and 3 mM ferrocene (as a CV potential reference). To prevent anodic THF polymerization, the solution surrounding the counter electrode was 0.5 M Bu~4~NPF~6~ in CO~2~-saturated acetonitrile. The solutions were stirred continuously during the measurements. The turnover numbers and faradaic efficiencies were quantified by gas chromatography (GC)-headspace analysis. On the time scale of the experiments, only the pear-shaped cell was suitable for recording accurate faradic efficiency values, while the H-shaped cell, due to diffusion of CO between the compartments and not into the headspace, was only used to determine accurate turnover numbers. Thus, the data were combined to give the appreciable overall picture. The gas chromatography was conducted on an Agilent 6890N instrument equipped with a 5 Å molecular sieve column (ValcoPLOT, 30 m length, 0.53 mm inner diameter) and a pulsed discharge detector (D-3-I-HP, Valco Vici), with helium as the carrier gas. H~2~ and CO were quantified by using a custom-made calibrant gas (500 ppm of H~2~, 200 ppm of CH~4~, and 200 ppm of CO in CO~2~ as the balance gas).

Results and Discussion {#sec4}
======================

Cyclic Voltammetry {#sec4.1}
------------------

### Cyclic Voltammetry of \[Re(3,3′-DHBPY)(CO)~3~Cl\] in THF at Variable Temperature {#sec4.1.1}

The cathodic behavior of \[Re(3,3′-DHBPY)(CO)~3~Cl\] differs significantly from that of its congener with the 4,4′-DHBPY ligand. In THF, the title complex exhibits two irreversible cathodic waves ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). The first wave, R1, at *E*~p,c~ = −1.01 V vs Fc/Fc^+^ is very broad, indicating an irreversible, slow electron transfer process. Notably, the initial reduction of \[Re(4,4′-DHBPY)(CO)~3~Cl\] is shifted significantly more negatively, by ca. 1 V ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). This extraordinary difference can be ascribed to a strong stabilizing effect of the single reductive deprotonation resulting in a hydrogen bond between the BPY oxyanion substituents ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}).^[@ref56]^ The following cathodic step, R2′, appears as a quasi-reversible cathodic wave at a much more negative potential of *E*~p,c~ = −2.38 V vs Fc/Fc^+^. The large potential gap, reaching nearly 1.4 V, is in stark contrast to the CVs recorded for the 4,4′-DHBPY and 6,6′-DHBPY derivatives and their singly (selectively) deprotonated forms, where the separation between first and second cathodic waves is merely 200 mV.

![CVs of \[Re(3,3′-DHBPY)(CO)~3~Cl\] in THF/Bu~4~NPF~6~. Experimental conditions: Pt microdisc, 298 K (a) and 195 K (b), *v* = 100 mV s^--1^.](ic0c00263_0001){#fig1}

###### Cyclic Voltammetry of \[Re(3,3′-DHBPY)(CO)~3~Cl\] and Related DHBPY Complexes

  complex                                                                                          solvent                                  cathodic wave                            *E*~p,c~ (V vs Fc/Fc^+^)
  ------------------------------------------------------------------------------------------------ ---------------------------------------- ---------------------------------------- ---------------------------------------------------------------------------
  \[Re(3,3′-DHBPY)(CO)~3~Cl\]                                                                      THF                                      R1                                       --1.01
                                                                                                                                            --1.40[a](#t1fn1){ref-type="table-fn"}   
  \[Re(3,3′-DHBPY)(CO)~3~Cl\]                                                                                                               R1\*                                     --1.90[a](#t1fn1){ref-type="table-fn"}^,^[b](#t1fn2){ref-type="table-fn"}
  \[Re(3,3′-DHBPY)(CO)~3~Cl\]^•--^                                                                                                          R2                                       --2.38
  \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^−^                                                                                                       R2′                                      --2.38
                                                                                                   --2.30[a](#t1fn1){ref-type="table-fn"}                                            
  \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^−^[c](#t1fn3){ref-type="table-fn"}                                                                       R2\*                                     --2.16
  \[Re(3,3′-DHBPY)(CO)~3~Cl\] \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^−^                                  PrCN                                     R1                                       --0.84
                                                                                                                                            --1.22[a](#t1fn1){ref-type="table-fn"}   
                                                                                                                                            R2′                                      --2.30
                                                                                                                                                                                     --2.25[a](#t1fn1){ref-type="table-fn"}
  \[Re(3,3′-DHBPY)(CO)~3~(PrCN)\]^+^                                                               PrCN                                     R1                                       --0.93
  \[Re(3,3′-DHBPY-H^+^)(CO)~3~(PrCN)\]                                                                                                      R2′                                      --2.07
  \[Re(4,4′-DHBPY)(CO)~3~Cl\][d](#t1fn4){ref-type="table-fn"}^,^[e](#t1fn5){ref-type="table-fn"}   DMF                                      R1                                       --1.98
  \[Re(4,4′-DHBPY-H^+^)(CO)~3~Cl\]^−^                                                                                                       R2                                       --2.18
  \[Re(4,4′-DHBPY-2H^+^)(CO)~3~\]^−^                                                                                                        R3                                       --2.45

Measured at 195 K.

No concomitant reductive deprotonation of the 3,3′-DHBPY ligand taking place. *E*~1/2~= −1.87 V.

Prepared by chemical deprotonation of \[Re(3,3′-DHBPY)(CO)~3~Cl\] with 1 equiv of NaHMDS.

Measured by Fujita and co-workers.^[@ref46]^

No deprotonation of the parent complex in DMF was reported

At room temperature, R1 is totally irreversible with any counter wave absent even at scan rates in excess of 1 V s^--1^ ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00263/suppl_file/ic0c00263_si_001.pdf)). Additionally, turning the scan positively beyond R2′ does not generate a well-defined counterwave O2′ ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a) but reveals a new anodic wave, O(A), at *E*~p,a~= −2.01 V vs Fc/Fc^+^, which becomes better perceptible at higher scan rates ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00263/suppl_file/ic0c00263_si_001.pdf)). The origin of both phenomena will be analyzed in the following IR spectroelectrochemical section.

On cooling to 195 K, the cathodic CV of \[Re(3,3′-DHBPY)(CO)~3~Cl\] in THF changes notably ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). First, R1 is shifted negatively by ca. 400 mV (*E*~p,c~ = −1.45 V vs Fc/Fc^+^) and significantly broadened. A new, minor cathodic wave R1\* appears at *E*~p,c~ = −1.90 V vs Fc/Fc^+^. At higher scan rates, R1\* grows relative to R1 and becomes reversible ([Figures S3 and S4](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00263/suppl_file/ic0c00263_si_001.pdf)) at ν \< 500 mV s^--1^. The reversible nature of the process on the subsecond time scale suggests that R1\* corresponds to the reduction of parent \[Re(3,3′-DHBPY)(CO)~3~Cl\] to the corresponding nondeprotonated radical anion. It will be shown in the spectroelectrochemical section that this process contributes to the overall cathodic path of the title complex even at ambient temperature. Sweeping the electrode potential toward R2′ at 195 K located this wave at *E*~p,c~ = −2.30 V vs Fc/Fc^+^ ([Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b and [S3](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00263/suppl_file/ic0c00263_si_001.pdf)). Its shape and overall reversibility (indicated by the anodic counter wave O2′ and the unity peak/current ratio) points to a diffusion-controlled 1e^--^ cathodic process on the (sub)second CV time scale that does not trigger any significant chemical transformation of \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^−^ generated at R1 (see the "[IR and UV--Vis Spectroelectrochemistry](#sec3.2){ref-type="other"}" section). This temperature-controlled behavior reveals increased stability of \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^2--^ (both O--H and Re--Cl bonds, in contrast to the Re/4,4′-DHBPY congener) ascribed to the strong hydrogen bonding in the ligand redox couple \[3,3′-DHBPY-H^+^\]^−^/\[3,3′-DHBPY^•--^-H^+^\]^2--^ that hinders the second reductive proton elimination to give \[3,3′-DHBPY-2H^+^\]^2--^.

### Cyclic Voltammetry of \[Re(3,3′-DHBPY)(CO)~3~Cl\] and \[Re(3,3′-DHBPY)(CO)~3~(PrCN)\]^+^ in PrCN at Variable Temperature {#sec4.1.2}

The cathodic behavior of \[Re(3,3′-DHBPY)(CO)~3~Cl\] was investigated by cyclic voltammetry also in butyronitrile, PrCN ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). At room temperature, the totally irreversible wave R1 is shifted less negatively to *E*~p,c~ = −0.84 vs Fc/Fc^+^ in this electrolyte compared to THF ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). The second cathodic wave R2′ is shifted by merely 80 mV, which reveals the stability of \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^−^ in the potentially coordinating solvent. Apart from the moderate potential shifts, the CV response does not deviate significantly from that recorded in THF. This also applies for the CV scan at 195 K ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b), where only R1\* is absent.

![CVs of \[Re(3,3′-DHBPY)(CO)~3~Cl\] in PrCN/Bu~4~NPF~6~. Experimental conditions: Pt microdisc, *T* = 298 K (a) and 195 K (b), *v* = 100 mV s^--1^.](ic0c00263_0002){#fig2}

Compared to \[Re(4,4′-DHBPY)(CO)~3~Cl\] in DMF ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) the cathodic wave R3 is absent or unresolved in the CV responses of \[Re(3,3′-DHBPY)(CO)~3~Cl\] both in THF (see above) and PrCN. This is understandable at 195 K where the Re--Cl bond remains stable upon the 1e^--^ reduction generating intact \[Re(3,3′-DHBPY^•--^-H^+^)(CO)~3~Cl\]^2--^ ([Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b and [2](#fig2){ref-type="fig"}b). The reductively double-deprotonated complex \[Re(3,3′-DHBPY-2H^+^)(CO)~3~Cl\]^2--^, which is supposed to further reduce at an R3 potential, is not formed on the short time scale of the CV experiment due to the strong intramolecular hydrogen bonding in the single-deprotonated precursor.^[@ref56]^ At ambient temperature, the irreversible cathodic wave R2′ in fact encompasses several secondary EC processes resulting from the instability of \[Re(3,3′-DHBPY-2H^+^)(CO)~3~Cl\]^2--^. These deductions have been corroborated by IR spectroelectrochemical experiments described in the following section. Direct comparison of the two Re/*x*,*x*′-DHBPY (*x* = 3 and 4) complexes in DMF is not possible as \[Re(3,3′-DHBPY)(CO)~3~Cl\] instantly deprotonates in this basic solvent.

Separate substitution of the axial chloride ligand in \[Re(3,3′-DHBPY)(CO)~3~Cl\] with PrCN to form the corresponding cationic complex impacts strongly the cathodic process at R2′, causing its positive shift by 230 mV. The less negative electrode potential agrees with the reduction of less basic \[Re(3,3′-DHBPY-H^+^)(CO)~3~(PrCN)\] formed at R1 from singly reduced \[Re(3,3′-DHBPY)(CO)~3~(PrCN)\]^+^ ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). This observation supports the stability of \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^−^ in PrCN when formed from parent \[Re(3,3′-DHBPY)(CO)~3~Cl\] at R1 ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a).

![CV of \[Re(3,3′-DHBPY)(CO)~3~(PrCN)\]^+^ in PrCN/Bu~4~NPF~6~. Experimental conditions: Pt microdisc, *T* = 298 K, *v* = 100 mV s^--1^.](ic0c00263_0003){#fig3}

### Cyclic Voltammetry of \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^--^ in THF at Ambient Temperature {#sec4.1.3}

The CV of \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^−^ prepared in situ in THF by chemical deprotonation of \[Re(3,3′-DHBPY)(CO)~3~Cl\] with NaHMDS is highly revealing ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). As expected, the cathodic wave R1 of the neutral parent complex is absent. However, instead of the single cathodic wave R2′ assigned deliberately to the deprotonated anionic complex formed electrochemically at R1 ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a), there are two close-lying waves, the first one at *E*~p,c~ = −2.16 V denoted as R2\*, followed by R2 at *E*~p,c~ = −2.38 V which coincides with R2′ and is also allied to the anodic wave O(A) recorded on the reverse potential scan. This cathodic behavior is echoed in the corresponding IR spectroelectrochemical experiment presented and thoroughly discussed in the following section, where \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^−^ is fully transformed already at R2\* but not to an anticipated double-deprotonated product. Instead, the IR monitoring revealed the formation of \[Re(3,3′-DHBPY)(CO)~3~Cl\]^•--^, similar to the reversible reduction at 195 K of parent \[Re(3,3′-DHBPY)(CO)~3~Cl\] at R1\* ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). This surprising transformation corresponds to a net-zero-electron, electron-transfer catalytic (ETC) process, which agrees with the rather low peak current at R2\*. The cathodic wave R2 in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} can be then ascribed to the collective subsequent reduction of \[Re(3,3′-DHBPY)(CO)~3~Cl\]^•--^ and \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^−^ diffusing from the bulk solution. The ETC process is reminiscent, for example, to the 1e^--^ reduction of \[Re(DBSQ)(CO)~3~(PPh~3~)\] (DBSQ = 3,5-di-*t*Bu-1,2-benzosemiquinone anion) which produces isoelectronic \[Re(DBSQ)(CO)~2~(PPh~3~)~2~\] instead of \[Re(DBCat)(CO)~3~(PPh~3~)\]^−^ (DBCat = 3,5-di-*t*Bu-1,2-catecholate dianion).^[@ref57]^

![CV of \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^−^ in THF/Bu~4~NPF~6~. Experimental conditions: Pt microdisc, *T* = 298 K, *v* = 100 mV s^--1^. Inset: IR spectrum of the analyte solution, indicating the complete deprotonation of one −OH group by NaHMDS.](ic0c00263_0004){#fig4}

Infrared and UV--Vis Spectroelectrochemistry (SEC) {#sec4.2}
--------------------------------------------------

### Reduction of \[Re(3,3′-DHBPY)(CO)~3~Cl\] in THF at Ambient Temperature {#sec4.2.1}

At cathodic potentials coinciding with R1, \[Re(3,3′-DHBPY)(CO)~3~Cl\] in the thin-solution layer of the OTTLE cell undergoes O--H bond cleavage (reductive deprotonation) yielding \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^−^ ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a,b and [Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"}). The UV--vis spectral changes ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b) reveal the characteristic replacement of the Re-to-BPY MLCT band at 351 nm with a new, likely intraligand (DHBPY-H^+^) absorption band at 425 nm, as reported by Vogler and co-workers^[@ref49]^ for the chemical reaction of \[Re(3,3′-DHBPY)(CO)~3~Cl\] with solid KOH in wet acetonitrile ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}). In the infrared CO-stretching region ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a), a small but perceptible redshift of the three ν(CO) absorption bands (2A′ + A′′; *C*~*s*~ geometry) by ca. 10 cm^--1^ from the parent complex is observed. The reference wavenumber values for \[Re(4,4′-DHBPY-H^+^)(CO)~3~Cl\]^−^ are indeed very close ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). These data confirm that the added electron does not enter the π\*(BPY) LUMO as in the archetypal case of the 1e^--^ reduction of \[Re(BPY)(CO)~3~Cl\].^[@ref24],[@ref58],[@ref59]^ The assignment of the reduction product at R1 as \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^−^ is strongly supported by the independent chemical deprotonation of the parent complex by the added base, NaHMDS ([Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} and [S5](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00263/suppl_file/ic0c00263_si_001.pdf)). It is noteworthy that instant single-deprotonation was also encountered^[@ref49]^ in DMF ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}) where the neutral congener \[Re(4,4′-DHBPY)(CO)~3~Cl\] remains stable. The close proximity of the hydroxyl substituents in \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^−^ enables strong hydrogen bonding,^[@ref48],[@ref49]^ providing a significant thermodynamic driving force to form readily a stable deprotonated complex, as also reflected in the much lower R1 overpotential compared to the initial reduction of \[Re(4,4′-DHBPY)(CO)~3~Cl\].

![Cathodic Pathways of \[Re(3,3′-DHBPY)(CO)~3~Cl\] in THF\
First 1e^--^-reductive deprotonation at R1 followed by rapid second 1e^--^-reductive deprotonation at R2′, concomitant chloride dissociation, and 2e^--^ reduction of the 5-coordinate transient complex delocalized over the BPY--Re(CO)~3~ π-system. The alternative (potential-controlled) ETC pathway (at R2\*, or the onset of R2′) produces the corresponding radical anion of the parent complex.](ic0c00263_0016){#sch3}

![Cathodic IR (a, c) and UV--vis (b, d) spectroelectrochemistry: (a, b) 1e^--^-reductive deprotonation of \[Re(3,3′-DHBPY)(CO)~3~Cl\] (↓) to \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^−^(↑) at R1; (c, d) rapid potential-step conversion of \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^−^ (↓) to 5-coordinate \[Re(3,3′-DHBPY-2H^+^)(CO)~3~\]^3--^ (↑) in an unresolved 3e^--^ process at 200 mV beyond the onset of R2′. Conditions: an OTTLE cell, THF/Bu~4~NPF~6~, *T* = 298 K.](ic0c00263_0005){#fig5}

###### Infrared and UV--Vis Absorption Data for \[Re(3,3′-DHBPY)(CO)~3~Cl\] and \[Re(3,3′-DHBPY)(CO)~3~(PrCN)\]^+^ and Their Reduction Products

  complex                                                                  solvent                                ν(CO) (cm^--1^)                                    λ~max~ (nm)
  ------------------------------------------------------------------------ -------------------------------------- -------------------------------------------------- --------------------------------------------------
  \[Re(BPY)(CO)~3~Cl\]                                                     THF[a](#t2fn1){ref-type="table-fn"}    2019, 1917, 1895                                    
  \[Re(3,3′-DHBPY)(CO)~3~Cl\]                                              THF                                    2018, 1914, 1893                                   351
                                                                           PrCN                                   2020, 1915, 1897                                   353
  \[Re(4,4′-di-*t*Bu-BPY)(CO)~3~Cl\]                                       DMF[b](#t2fn2){ref-type="table-fn"}    2018, 1913, 1890                                    
  \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^−^                                      THF                                    2011, 1902, 1886                                   425
                                                                           PrCN                                   2012, 1903, 1885                                   426
                                                                           THF[c](#t2fn3){ref-type="table-fn"}    2011, 1902, 1885                                    
                                                                           DMF[d](#t2fn4){ref-type="table-fn"}    2011, 1902, 1882                                   425
  \[Re(BPY)(CO)~3~Cl\]^•--^                                                THF                                    1996, 1883, 1868[a](#t2fn1){ref-type="table-fn"}    
                                                                                                                  1996, 1882, 1867[f](#t2fn6){ref-type="table-fn"}   361, 486 sh, 511[f](#t2fn6){ref-type="table-fn"}
  Re(3,3′-DHBPY)(CO)~3~Cl\]^•--^                                           THF                                    1994, 1878, 1866                                    
  \[Re(4,4′-di-*t*Bu-BPY)(CO)~3~Cl\]^•--^                                  DMF[b](#t2fn2){ref-type="table-fn"}    1992, 1878, 1860                                    
  \[Re(3,3′-DHBPY-2H^+^)(CO)~3~Cl\]^2--^                                   THF[e](#t2fn5){ref-type="table-fn"}    2002, 1883, 1873                                    
  PrCN[g](#t2fn7){ref-type="table-fn"}                                     2002, 1885, 1867                                                                          
  \[Re(3,3′-DHBPY-2H^+^)(CO)~3~\]^3--^                                     THF                                    1921, 1818 br                                      354, 553, 654
  \[Re(3,3′-DHBPY)(CO)~3~(OTf)\]                                           THF                                    2032, 1928, 1910                                    
  \[Re(3,3′-DHBPY)(CO)~3~(PrCN)\]^+^                                       PrCN                                   2039, 1933 br                                       
  \[Re(BPY)(CO)~3~(PrCN)\]^+^                                              PrCN[a](#t2fn1){ref-type="table-fn"}   2041, 1937 br                                       
  \[Re(3,3′-DHBPY)(CO)~3~(PrCN)\]                                          PrCN                                   2004, 1890 br                                       
  \[Re(BPY)(CO)~3~(PrCN)\]                                                 PrCN[a](#t2fn1){ref-type="table-fn"}   2010, 1895 br                                       
  \[Re(3,3′-DHBPY-H^+^)(CO)~3~(PrCN)\]                                     PrCN                                   2031, 1928 br                                       
  \[Re(3,3′-DHBPY-2H^+^)(CO)~3~(PrCN)\]^−^                                 PrCN[g](#t2fn7){ref-type="table-fn"}   2023, unresolved                                    
  \[Re(3,3′-DHBPY-2H^+^)(CO)~3~(PrCN)\]^2--^                               PrCN                                   1986, 1874 br                                       
  \[Re(3,3′-DHBPY-2H^+^)(CO)~3~(PrCN)\]^3--^                               PrCN                                   1967, 1849, 1835                                    
                                                                                                                                                                      
  \[Re(4,4′-DHBPY)(CO)~3~Cl\][b](#t2fn2){ref-type="table-fn"}              DMF                                    2019, 1911, 1893                                    
  \[Re(4,4′-DHBPY-H^+^)(CO)~3~Cl\]^−^[b](#t2fn2){ref-type="table-fn"}      DMF                                    2012, 1900, 1881                                    
  \[Re(4,4′-DHBPY-2H^+^)(CO)~3~Cl\]^2--^[b](#t2fn2){ref-type="table-fn"}   DMF                                    2002, 1886, 1865                                    

Reproduced from ref ([@ref24]).

Reported by Fujita and co-workers.^[@ref46]^

Formed by single deprotonation of the parent complex with NaHMDS.

Formed by instantaneous deprotonation of the parent complex in DMF.

Observed only as a transient in THF in a potential-step experiment.

*T* = 253 K. Reproduced from ref ([@ref59]).

*T* = 223 K.

The subsequent reduction of electrochemically generated \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^−^ occurs at the cathodic wave R2′ ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a), proceeding via two alternative paths ([Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"}) controlled by the mode of tuning the cathodic potential on the spectroelectrochemical time scale: either a rapid potential step (a) beyond R2′ and (b) at R2′ (b) or (c) slow potential sweep through R2′. This cathodic course is remarkably more complex than indicated by the reversible CV response in THF/Bu~4~NPF~6~ at 195 K ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). The intramolecular hydrogen bond in \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^−^ is strong enough to extend the lifetime of the BPY-reduced species compared to the Re/4,4′-DHBPY congener but the second reductive elimination of hydrogen triggers structural changes monitored by IR spectroscopy, using information from selected reference systems.

In the first instance, the results from the potential step experiment (a) at 200 mV beyond R2′ are presented. The cathodic electrolysis at the overpotential produces in just a few seconds a single detectable species with IR ν(CO) bands markedly shifted to 1921 and 1818 br cm^--1^, which strongly absorbs in the visible spectral region ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c,d, respectively, and [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). This product is assigned as a formally Re^0^-BPY^--^ 5-coordinate complex \[Re(3,3′-DHBPY-2H^+^)(CO)~3~\]^3--^. The ν(CO) intensity pattern and the large redshift correspond with the properties of the well-known^[@ref58]^ fluxional complex \[Re(BPY)(CO)~3~\]^−^ absorbing in THF at 1947 and 1843 cm^--1^. The additional \>20 cm^--1^ downward shift seen for \[Re(3,3′-DHBPY-2H^+^)(CO)~3~\]^3--^ complies with the preceding double reductive deprotonation of DHBPY, increasing the π-back-donation to the carbonyl ligands. The identification of this 5-coordinate structure also offers an explanation as to the origin of the O(A) counterwave seen in the CV on the reverse anodic scan ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). This may be considered now as the reoxidation of this 5-coordinate complex. While encountered for isoelectronic 5-coordinate tricarbonyl complexes, such as \[Mn(BPY)(CO)~3~\]^−^ or \[W(BPY)(CO)~3~\]^2--^,^[@ref26],[@ref60]^ the O(A) signature has never been reported^[@ref16],[@ref24]^ for either \[Re(*t*Bu-BPY)(CO)~3~\]^−^ or \[Re(BPY)(CO)~3~\]^−^, but it is our strong expectation that if such a wave were detected then it would also occur in this region.

In case (b), where the course of the thin-layer spectroelectrochemical experiment is not stepped but rapidly scanned through R2′ to the maximum faradaic current ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}), an intermediate species is detected in consort with the ultimate 5-coordinate complex. On comparison with the Re/4,4′-DHBPY congener ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}), this transient is assigned as the double-deprotonated species \[Re(3,3′-DHBPY-2H^+^)(CO)~3~Cl\]^2--^ (ν(CO) at 2002, 1885, and 1868 cm^--1^). Differently from Re/4,4′-DHBPY, the double-deprotonated species is unstable at room temperature, decaying via concerted Cl^--^ dissociation and electron transfer to \[Re(3,3^′^-DHBPY-2H^+^)(CO)~3~\]^3--^. It will be shown later that \[Re(3,3′-DHBPY-2H^+^)(CO)~3~Cl\]^2--^ can be stabilized at low temperature in coordinating butyronitrile, which supports the intact Re--Cl still present in this intermediate 6-coordinate complex, in line with the well-resolved 2A′ + A′′ ν(CO) band pattern.

![Cathodic IR spectroelectrochemistry at R2′ as \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^−^(↓) undergoes 1e^--^ reductive deprotonation to transient \[Re(3,3′-DHBPY-2H^+^)(CO)~3~Cl\]^2--^ (↑↓) and its concomitant decay to \[Re(3,3′-DHBPY-2H^+^)(CO)~3~\]^3--^ (↑). Conditions: an OTTLE cell, THF/Bu~4~NPF~6~, *T* = 298 K. The label ■ corresponds to an unassigned side product.](ic0c00263_0006){#fig6}

In the slow potential sweep experiment (c), the R2′ wave due to the reduction of \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^−^ is gradually scanned through, adding additional complexity to the overall mechanistic description. The strength of the internal hydrogen bond is of key importance to the single-deprotonated anion, and the activation energy for the second deprotonation is therefore quite high. In a very limited potential range, this allows for a situation where the primary BPY-reduced species, \[Re(3,3′-DHBPY^•--^-H^+^)(CO)~3~Cl\]^2--^ does not undergo the second reductive deprotonation to \[Re(3,3′-DHBPY-2H^+^)(CO)~3~Cl\]^2--^ (experiment (b)) but converts to a more stable product absorbing in the ν(CO) region at 1994, 1878, and 1866 cm^--1^ ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). These wavenumbers can be assigned to the nondeprotonated radical anion of the title complex, \[Re(3,3′-DHBPY)(CO)~3~Cl\]^•--^. The revealing evidence for this rather surprising assignment comes from the comparison with the equivalent complexes \[Re(BPY)(CO)~3~Cl\]^•--^ (ν(CO) at 1998, 1885, and 1867 cm^--1^)^[@ref24]^ or \[Re(4,4′-di-*t*Bu-BPY)(CO)~3~Cl\]^•--^ (ν(CO) at 1992, 1878, and 1860 cm^--1^),^[@ref46]^ taking into account the relative donor power of the BPY substituents (H, OH, and *t*Bu). While \[Re(3,3′-DHBPY)(CO)~3~Cl\]^•--^ is highly unstable at R1, where the facile single reductive deprotonation takes place (see above), it persists in the limited potential interval between the onset of R2′ and its own reduction coinciding with the R2′ maximum, which ultimately converts it to \[Re(3,3′-DHBPY-2H^+^)(CO)~3~\]^3--^ ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). The transformation of \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^−^ to \[Re(3,3′-DHBPY)(CO)~3~Cl\]^•--^ is a zero-electron ETC reaction that kinetically dominates over the double reductive deprotonation of the 3,3′-DHBPY ligand. The latter process is triggered only by the subsequent electrochemical reduction of \[Re(3,3′-DHBPY)(CO)~3~Cl\]^•--^, monitored accurately by the thin-layer cyclovoltammetric response. Thus, different from the Re/4,4′-DHBPY congener, double-deprotonated \[Re(3,3′-DHBPY-2H^+^)(CO)~3~Cl\]^2--^ can only be observed at ambient temperature at potentials more negative than the reduction potential of \[Re(3,3′-DHBPY)(CO)~3~Cl\]^•--^ (experiment (b) in this section). The partly resolved electronic absorption of \[Re(3,3′-DHBPY)(CO)~3~Cl\]^•--^ in the visible spectral region (around 480 nm) is shown in [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00263/suppl_file/ic0c00263_si_001.pdf).

![Cathodic potential-sweep IR spectroelectrochemistry at R2′ where starting \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^−^(↓) undergoes 1e^--^ reduction and ETC conversion to \[Re(3,3′-DHBPY)(CO)~3~Cl\]^•--^ (\*) and the subsequent reduction of the latter intermediate to \[Re(3,3′-DHBPY-2H^+^)(CO)~3~\]^3--^ (↑). Conditions: an OTTLE cell, THF/Bu~4~NPF~6~, *T* = 298 K. The label ■ corresponds to an unassigned side product.](ic0c00263_0007){#fig7}

Summarizing the striking results in this section, the cathodic behavior of \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^−^ in THF at R2′ comprises a range of different processes. The initial 1e^--^ reduction gives \[Re(3,3′-DHBPY^•--^-H^+^)(CO)~3~Cl\]^2--^, stable at low temperature on the CV time scale, which converts by an ETC step at low overpotentials (the onset of R2′) to \[Re(3,3′-DHBPY)(CO)~3~Cl\]^•--^ or undergoes the second DHBPY deprotonation at higher overpotentials to generate reactive \[Re(3,3′-DHBPY-2H^+^)(CO)~3~Cl\]^2--^. In both cases, the ultimate reduction product at R2′ is the 5-coordinate π-delocalized complex \[Re(3,3′-DHBPY-2H^+^)(CO)~3~\]^3--^, the double-deprotonated equivalent of 2e^--^-reduced \[Re(BPY)(CO)~3~\]^−^.

The following sections present cathodic IR SEC experiments with \[Re(3,3′-DHBPY)(CO)~3~Cl\] conducted in THF following its chemical deprotonation and at low temperature in PrCN to collect more supporting evidence for the intriguing cathodic path in [Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"}.

### Reduction of \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^−^ in THF at Ambient Temperature {#sec4.2.2}

The electrochemical reduction of chemically single-deprotonated \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^−^ ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}) strongly resembles the potential sweep IR spectroelectrochemical experiment at R2′ described in the preceding section ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). Notably, as visualized in the corresponding CV ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}), the separation of the initial cathodic wave (R2\*) is more distinct, allowing the ETC-product \[Re(3,3′-DHBPY)(CO)~3~Cl\]^•--^ to be generated separately ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a) prior to its conversion to \[Re(3,3′-DHBPY-2H^+^)(CO)~3~\]^3--^ at R2 ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b). The parallel UV--vis monitoring of these two steps is presented in [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00263/suppl_file/ic0c00263_si_001.pdf). Given the facile deprotonation of the title complex at R1 to \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^−^, the formation of \[Re(3,3′-DHBPY)(CO)~3~Cl\]^•--^ with "restored" 3,3′-DHBPY in the radical anionic state may be considered surprising. The initial formation of \[Re(3,3′-DHBPY^•--^-H^+^)(CO)~3~Cl\]^2--^ at R2\* (or the onset of R2′) was expected to trigger the second reductive deprotonation generating 1/2 H~2~ and \[Re(3,3′-DHBPY-2H^+^) (CO)~3~Cl\]^2--^. However, this process is apparently unfavorable for the clashing two phenoxide groups in the 3,3′-positions and there is a limited chance to delocalize the negative charges onto the ring nitrogens, differently from the Re/4,4′-DHBPY congener ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). The singly reduced complex \[Re(3,3′-DHBPY)(CO)~3~Cl\]^•--^ can be generated at R1\* ([Figures S3 and S4](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00263/suppl_file/ic0c00263_si_001.pdf); *T* = 195 K) but the formation of the strong intramolecular hydrogen bond in \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^−^ is favored, and the radical anion of the title complex is then only restored at R2\* (or the onset of R2′) where the hydrogen bond gets disrupted by the reduction localized at the π\*(BPY) LUMO. Obviously, this thermodynamic advantage is lost by the subsequent reduction of \[Re(3,3′-DHBPY)(CO)~3~Cl\]^•--^ at more negative R2 ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}), which leads directly to double-deprotonated \[Re(3,3′-DHBPY-2H^+^)(CO)~3~\]^3--^, and no \[Re(3,3′-DHBPY-2H^+^)(CO)~3~Cl\]^2--^ is detectable at ambient temperature during the potential sweep.

![Cathodic IR spectroelectrochemistry showing (a) ETC-conversion of \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^−^ (↓) at R2\* (cf. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}) to \[Re(3,3′-DHBPY)(CO)~3~Cl\]^•--^ (↑) as a net-zero-electron process and (b) subsequent reduction of \[Re(3,3′-DHBPY)(CO)~3~Cl\]^•--^ (↓) at R2 to \[Re(3,3′-DHBPY-2H^+^)(CO)~3~\]^3--^ (↑). Conditions: an OTTLE cell, THF/Bu~4~NPF~6~, *T* = 298 K.](ic0c00263_0008){#fig8}

### Reduction of \[Re(3,3′-DHBPY)(CO)~3~Cl\] in PrCN at Variable Temperature {#sec4.2.3}

IR SEC experiments with \[Re(3,3′-DHBPY)(CO)~3~Cl\] in PrCN at 223 K ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}) and 258 K ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}) complement the description of the tangled cathodic path in THF at ambient temperature ([Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [6](#fig6){ref-type="fig"}--[8](#fig8){ref-type="fig"}). The first cathodic step at R1 also results in PrCN in the instant formation of \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^−^ independent of the temperature. Only the reduction process at R2′ ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) depends strongly on the electrolyte temperature. At 223 K, the Re--Cl bond remains sufficiently stable in the reduced state to allow the direct observation of the double-deprotonated complex, \[Re(3,3′-DHBPY-2H^+^)(CO)~3~Cl\]^2--^, with ν(CO) absorption bands at 2002, 1885, and 1866 cm^--1^ ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}). Notably, for Re/4,4′-DHBPY the corresponding dianionic complex is stable already at room temperature,^[@ref46]^ exhibiting comparable ν(CO) wavenumbers ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}, considered in this work still as 6-coordinate, with the Re--Cl bond intact). As the IR SEC experiment at 223 K progresses, there is evidence for the formation of a small amount of a secondary product absorbing at 1967, 1849, and 1835 cm^--1^ ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}). The latter compound becomes the dominant observable product already during the reduction of \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^−^ at R2′ when the electrolyte temperature is elevated to 258 K; its precursor \[Re(3,3′-DHBPY-2H^+^)(CO)~3~Cl\]^2--^ is almost not perceptible during the IR spectral monitoring at this temperature ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}). This development is consistent with the cleavage of the Re--Cl bond in \[Re(3,3′-DHBPY-2H^+^)(CO)~3~Cl\]^2--^ and coordination of a PrCN solvent molecule in the vacated position. Indeed, the above ν(CO) wavenumbers can be ascribed to the 6-coordinate (solvento) analogue of 5-coordinate \[Re(3,3′-DHBPY-2H^+^)(CO)~3~\]^3--^ seen at room temperature in weakly coordinating THF ([Figures [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}--[7](#fig7){ref-type="fig"}), that is, \[Re(3,3′-DHBPY-2H^+^)(CO)~3~(PrCN)\]^3--^ ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). The reference complex \[Re(BPY)(CO)~3~(PrCN)\]^−^, lacking the two donor phenoxide groups, consistently absorbs in the IR ν(CO) region at higher wavenumbers, viz., 1980, 1861, and 1851 cm^--1^; the stability of the PrCN-coordinated Re center increases by lowering the temperature.^[@ref24]^

![Cathodic IR spectroelectrochemistry of \[Re(3,3′-DHBPY)(CO)~3~Cl\] (↓) in PrCN/Bu~4~NPF~6~ at 223 K. The parent complex undergoes two successive reductive deprotonations yielding \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^−^ (↑↓) at R1, and \[Re(3,3′-DHBPY-2H^+^)(CO)~3~Cl\]^2--^ (↑) at R2′. The label ⧫ indicates the presence of a small amount of \[Re(3,3′-DHBPY-2H^+^)(CO)~3~(PrCN)\]^3--^ as a secondary product resulting from the dissociation of the Re--Cl bond in the double-deprotonated precursor complex.](ic0c00263_0009){#fig9}

![Cathodic IR spectroelectrochemistry of \[Re(3,3′-DHBPY)(CO)~3~Cl\] (↓) in PrCN/Bu~4~NPF~6~ at 258 K. (a) Conversion of the parent complex to \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^−^ (↑) at R1. (b) Reductive transformation of \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^−^ (↓) at R2′ to transient \[Re(3,3′-DHBPY-2H^+^)(CO)~3~Cl\]^2--^, denoted by ●, and dominant \[Re(3,3′-DHBPY-2H^+^)(CO)~3~(PrCN)\]^3--^, denoted by ⧫.](ic0c00263_0010){#fig10}

At room temperature, \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^−^ formed at R1 ([Figure S7a,b](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00263/suppl_file/ic0c00263_si_001.pdf)) becomes further reduced at R2′ to give a mixture of products ([Figure S7c](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00263/suppl_file/ic0c00263_si_001.pdf)), starting with the radical anion of the parent complex, \[Re(3,3′-DHBPY)(CO)~3~Cl\]^•--^, also detectable in THF along the ETC path (see above). Importantly, no \[Re(3,3′-DHBPY-2H^+^)(CO)~3~Cl\]^2--^ seems to be formed in this case (cf. [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b). The subsequent 6-coordinate, double-deprotonated reduction product, \[Re(3,3′-DHBPY-2H^+^)(CO)~3~(PrCN)\]^3--^, which replaces 5-coordinate analogue \[Re(3,3′-DHBPY-2H^+^)(CO)~3~\]^3--^ in the PrCN electrolyte, appears to coexist initially with its 1e^--^-oxidized form, \[Re(3,3′-DHBPY-2H^+^)(CO)~3~(PrCN)\]^2--^ (ν(CO) at 1986 and 1874 br cm^--1^). For comparison, the reference radical \[Re(BPY)(CO)~3~(PrCN)\] with less donating BPY^•--^ absorbs in the ν(CO) region at 2010 and 1895 br cm^--1^.^[@ref24]^ At the 1e^--^ BPY-reduced level, the additional double deprotonation of the 3,3′-DHBPY ligand in \[Re(3,3′-DHBPY-2H^+^)(CO)~3~(PrCN)\]^2--^ shifts the ν(CO) bands to smaller wavenumbers again by ca. 20 cm^--1^. The PrCN coordination can be distinguished by the local *C*~3*v*~ symmetry at the Re center and the two ν(CO) absorption bands belonging to the A~1~ + E modes. Toward the end of the cathodic step at R2′, radical species \[Re(3,3′-DHBPY-2H^+^)(CO)~3~(PrCN)\]^2--^ was further reduced to the 6-coordinate trianion. Different from the situation at 258 K, \[Re(3,3′-DHBPY-2H^+^)(CO)~3~(PrCN)\]^3--^ formed in an equilibrium with 5-coordinate \[Re(3,3′-DHBPY-2H^+^)(CO)~3~\]^3--^ ([Figure S7d](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00263/suppl_file/ic0c00263_si_001.pdf)).

### Reduction of \[Re(3,3′-DHBPY)(CO)~3~(PrCN)\]^+^ in PrCN at Variable Temperature {#sec4.2.4}

The reductive deprotonation of the 3,3′-DHBPY ligand was also investigated at the more electron-deficient Re center in the complex \[Re(3,3′-DHBPY)(CO)~3~(PrCN)\]^+^ (ν(CO) at 2039 and 1933 br cm^--1^) prepared instantly in the PrCN electrolyte from the precursor \[Re(3,3′-DHBPY)(CO)~3~(OTf)\] (absorbing in THF at ν(CO) 2032, 1928, and 1910 cm^--1^). The cationic complex undergoes smooth reductive deprotonation at R1 ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}), producing \[Re(3,3′-DHBPY-H^+^)(CO)~3~(PrCN)\], as testified by the characteristic \<10 cm^--1^ shift to smaller ν(CO) wavenumbers ([Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}a, [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). On the basis of this observation, the facile reductive deprotonation of 3,3′-DHBPY hardly depends on the axial ligand. It also proves that after the first reduction at R1 singly deprotonated 3,3′-DHBPY-H^+^ remains chelated in the *N*,*N*′-coordination mode (the local *C*~3*v*~ symmetry), since the ν(CO) A~1~ + E pattern of the precursor is preserved. The subsequent reduction of \[Re(3,3′-DHBPY-H^+^)(CO)~3~(PrCN)\] at R2′ is again decidedly more complex, initially generating a new species absorbing in the IR ν(CO) region at 2004 and 1890 br cm^--1^ ([Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}b). These wavenumbers are too small to correspond to the reductively double-deprotonated complex \[Re(3,3′-DHBPY-2H^+^)(CO)~3~(PrCN)\]^−^ ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). In analogy with the above ETC path of \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^−^ at R2′ producing \[Re(3,3′-DHBPY)(CO)~3~Cl\]^•--^ ([Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"}), we assign the intermediate as nondeprotonated radical \[Re(3,3′-DHBPY)(CO)~3~(PrCN)\] existing in the limited cathodic potential range between the onset and the maximum of R2′ where it reduces further ([Scheme [4](#sch4){ref-type="scheme"}](#sch4){ref-type="scheme"}). In support of this assignment, \[Re(BPY)(CO)~3~(PrCN)\] with the weaker BPY donor absorbs at slightly larger wavenumbers, viz., 2010 and 1895 br cm^--1^.^[@ref24]^ The ultimate cathodic step encompassed in the potential scan at R2′ is the conversion of \[Re(3,3′-DHBPY)(CO)~3~(PrCN)\] into the double-deprotonated complex with the 2e^--^-reduced aromatic BPY system, viz., \[Re(3,3′-DHBPY-2H^+^)(CO)~3~(PrCN)\]^3--^, and its 1e^--^-oxidized form ([Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}b), reflecting the redox equilibrium observed already at the terminal stage of the cathodic path of \[Re(3,3′-DHBPY)(CO)~3~Cl\] in PrCN ([Figure S7c,d](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00263/suppl_file/ic0c00263_si_001.pdf)).

![Cathodic Pathway of \[Re(3,3′-DHBPY)(CO)~3~(PrCN)\]^+^ in PrCN\
First 1e^--^-reductive deprotonation at R1 followed by the ETC pathway at the onset of R2′ that produces the corresponding radical of the parent complex, \[Re(3,3′-DHBPY^•--^)(CO)~3~(PrCN)\]. The ultimate 2e^--^-reductive double deprotonation at R2′ is triggered by the concomitant reduction of the ETC product, resulting in 6-coordinate \[Re(3,3′-DHBPY-2H^+^)(CO)~3~(PrCN)\]^2--^ and its reduced trianionic form isolelectronic with \[Re(BPY)(CO)~3~(PrCN)\]^−^.](ic0c00263_0017){#sch4}

![Cathodic IR spectroelectrochemistry of \[Re(3,3′-DHBPY)(CO)~3~PrCN\]^+^ in PrCN/Bu~4~NPF~6~ at 298 K. (a) 1e^--^ reduction of the parent complex (↓) at R1 producing deprotonated \[Re(3,3′-DHBPY-H^+^)(CO)~3~(PrCN)\] (↑). (b) Subsequent reduction of \[Re(3,3′-DHBPY-H^+^)(CO)~3~(PrCN)\] (↓) at R2′ to give initially the 2e^--^-reduced ETC-species \[Re(3,3′-DHBPY)(CO)~3~(PrCN)\] (↑↓), which further converts cathodically to the double-deprotonated and 2e^--^-reduced 6-coordinate species, \[Re(3,3′-DHBPY-2H^+^)(CO)~3~(PrCN)\]^3--^, denoted by ⧫, in redox equilibrium with its 1e^--^-oxidized radical form, \[Re(3,3′-DHBPY-2H^+^)(CO)~3~(PrCN)\]^2--^ (↑). The label ▲ denotes an unassigned reduced intermediate.](ic0c00263_0011){#fig11}

The electrochemical reduction of \[Re(3,3′-DHBPY)(CO)~3~(PrCN)\]^+^ in PrCN at 223 K ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00263/suppl_file/ic0c00263_si_001.pdf)) follows the same path as described above at ambient temperature ([Scheme [4](#sch4){ref-type="scheme"}](#sch4){ref-type="scheme"}). The only notable difference is the appearance of the reductively double-deprotonated complex \[Re(3,3′-DHBPY-2H^+^)(CO)~3~(PrCN)\]^−^, although only as a minor intermediate when reducing \[Re(3,3′-DHBPY-H^+^)(CO)~3~(PrCN)\] at R2′ ([Figure S8b](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00263/suppl_file/ic0c00263_si_001.pdf)). It is important to reiterate that analogous \[Re(3,3′-DHBPY-2H^+^)(CO)~3~Cl\]^2--^ was stable under the same conditions ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}).

### Cyclic Voltammetry and IR Spectroelectrochemistry of \[Re(3,3′-DHBPY)(CO)~3~Cl\] in CO~2~-saturated THF {#sec4.2.5}

The cathodic wave R1 of \[Re(3,3′-DHBPY)(CO)~3~Cl\], slightly shifted to *E*~p,c~ = −1.09 V vs Fc/Fc^+^ and further broadened in the THF electrolyte saturated with CO~2~, was passed without any significant increase in the peak current compared to the CV scan under argon ([Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}). However, the second wave R2′ near −2.40 V vs Fc/Fc^+^ led to a high current increase, indicative of catalytic CO~2~ reduction. This behavior coincides with the generation of the 2e^--^-reduced 5-coordinate complex \[Re(3,3′-DHBPY-2H^+^)(CO)~3~\]^3--^ ([Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"}, [Figures [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c,d), the double-deprotonated equivalent of \[Re(BPY)(CO)~3~\]^−^ as one of the iconic catalysts for the CO~2~ conversion to CO.^[@ref58]^ We cannot confirm an active role of transient 5-coordinate species \[Re(3,3′-DHBPY-2H^+^)(CO)~3~\]^−^ in the catalytic mechanism, as proposed by Fujita and co-workers for \[Re(4,4′-DHBPY-2H^+^)(CO)~3~\]^−^ (see [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}).^[@ref46]^ According to the ν(CO) pattern ([Figures [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} and [9](#fig9){ref-type="fig"}), the detectable double-deprotonated complex is still 6-coordinate, viz., \[Re(3,3′-DHBPY-2H^+^)(CO)~3~Cl\]^2--^. The Cl^--^ dissociation at elevated temperature results in weakly coordinating THF in ultimate cathodic generation of \[Re(3,3′-DHBPY-2H^+^)(CO)~3~\]^3--^ that is isoelectronic with \[Re(BPY)(CO)~3~\]^−^, each phenoxide group lowering the ν(CO) wavenumbers by ca. 10 cm^--1^ compared to the unsubstituted BPY ligand.

![CVs of \[Re(3,3′-DHBPY)(CO)~3~Cl\] in THF/Bu~4~NPF~6~ saturated with argon (red curve) and CO~2~ (blue curve). The black curve represents the background CV of CO~2~ dissolved in the electrolyte. Experimental conditions: Pt microdisc, *T* = 298 K, *v* = 100 mV s^--1^.](ic0c00263_0012){#fig12}

Cathodic IR spectroelectrochemistry of \[Re(3,3′-DHBPY)(CO)~3~Cl\] in the THF electrolyte saturated with CO~2~ was conducted to probe the catalytic process triggered at the cathodic wave R2′ ([Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"}). Passing the initial cathodic wave R1 reveals again the smooth transformation of the parent complex to \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^−^ while the ^13^CO~2~ satellite absorption remains intact ([Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"}a). The situation changes at R2′ where the ^13^CO~2~ band rapidly drops, and the absorption of free CO at 2135 cm^--1^ is clearly detectable together with that of free HCO~3~^--^ at 1675 and 1641 cm^--1^ ([Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"}b).^[@ref61]^ At the same time, the ν(CO) bands of \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^−^ have only slightly decreased, reflecting the efficient catalytic transformation of CO~2~ to CO. As expected, the catalyst of the latter process, viz., \[Re(3,3′-DHBPY-2H^+^)(CO)~3~\]^3--^ generated at R2′ ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}), is not observable in the presence of CO~2~ dissolved in the electrolyte. The strong catalytic performance triggered by the reduction of \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^−^ resembles \[Re(BPY)(CO)~3~Cl\] in acetonitrile, where 2e^--^-reduced \[Re(BPY)(CO)~3~\]^−^ is already formed at the cathodic wave of the parent complex.^[@ref24]^

![IR spectroelectrochemistry of \[Re(3,3′-DHBPY)(CO)~3~Cl\] in CO~2~-saturated THF/Bu~4~NPF~6~. (a) Reduction at R1, reductive deprotonation forming \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^−^ (↑). (b) Reduction at R2′, efficient electrocatalytic conversion of CO~2~ to CO, with a minor appearance of free bicarbonate. Inset: the reference ^13^CO~2~ satellite band. Asterisk indicates a minor amount of \[Re(3,3′-DHBPY)(CO)~3~Cl\]^•--^ (cf. [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}).](ic0c00263_0013){#fig13}

Coulometry of \[Re(3,3′-DHBPY)(CO)~3~Cl\] in CO~2~-saturated THF {#sec4.2.6}
----------------------------------------------------------------

In order to verify the catalytic activity revealed by cyclic voltammetry and IR SEC, bulk electrolysis measurements ([Figures S9 and S10](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00263/suppl_file/ic0c00263_si_001.pdf)) were carried out under CO~2~ at the catalytic potential of −2.6 V vs Fc/Fc^+^, using foil and microdisc Pt working electrodes for the 3 mM catalyst precursor in THF/0.5 M TBAPF~6~. Two different cells were used to accurately determine the faradic efficiency (at the small Pt microdisc) and turnover numbers (at the larger Pt foil). The results have revealed that the current enhancement under CO~2~ is due to its catalytic conversion to CO, consistent with the reductive disproportionation mechanism: 2CO~2~ + 2e^--^ → CO + CO~3~^2--^.^[@ref15],[@ref33]^ By GC-headspace analysis, an excellent selectivity for CO~2~ reduction was observed. After 1 h, the total faradaic efficiency was 83% (82% for CO and 1% for H~2~), with a turnover number of 2.3 (increasing to 3.8 after 3 h). At the smaller microdisc electrode, roughly 0.31 C passed in 1 h ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00263/suppl_file/ic0c00263_si_001.pdf)); at the same time, the charge passed at the larger foil electrode was roughly 11 C ([Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00263/suppl_file/ic0c00263_si_001.pdf)). The corresponding control experiment under argon, using the foil electrode, produced only trace amounts of CO detected by GC and only 0.43 C passed ([Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00263/suppl_file/ic0c00263_si_001.pdf)).

Conclusions {#sec5}
===========

Much like the earlier reported^[@ref46]^ complex \[Re(4,4′-DHBPY)(CO)~3~Cl\], also \[Re(3,3′-DHBPY)(CO)~3~Cl\] undergoes facile reductive deprotonation generating \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^−^. The stabilizing strong intraligand hydrogen bonding in 3,3′-DHBPY-H^+^ is the most likely reason for the unusually large positive shift of the reduction potential, *E*~p,c~ (R1), and the instantaneous deprotonation in basic DMF compared to the other two isomers. The Cl^--^ ligand in \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^−^ can be replaced with PrCN. However, this substitution reaction does not occur along the cathodic path, and \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^−^ remains stable in PrCN under ambient conditions. However, the second reductive deprotonation at *E*~p,c~ (R2′) produces \[Re(3,3′-DHBPY-2H^+^)(CO)~3~Cl\]^2--^ that is only stable at sufficiently low temperature (223 K in PrCN). The 6-coordinate geometry and the preserved Re--Cl bond in the latter dianion are strongly supported by the 2A′ + A′′ ν(CO) band pattern (*C~s~* geometry). The ν(CO) wavenumbers in the \[Re(*x*,*x*′-DHBPY-2H^+^)(CO)~3~Cl\]^2--^ (*x* = 3 and 4) series are very similar. For *x* = 4, the reductively double-deprotonated species was formulated^[@ref46]^ as a (stable) 5-coordinate complex \[Re(4,4′-DHBPY-2H^+^)(CO)~3~\]^−^ ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}); however, this formulation does not seem to correspond with its solution IR spectra that do not reflect the expected fluxionality of the Re(CO)~3~ moiety and instead show only a modest low-energy shift of the ν(CO) wavenumbers, viz., ca. 10 cm^--1^ per each deprotonating step. No evidence for \[Re(3,3′-DHBPY-2H^+^)(CO)~3~\]^−^ has also been obtained at room temperature in weakly coordinating THF. Instead, the cleavage of the Re--Cl bond at the cathodic wave R2′ induces a concomitant transfer of two extra electrons placed in the aromatic BPY system of the 3,3′-DHBPY-2H^+^ ligand. The ultimate reduction product, 5-coordinate \[Re(3,3′-DHBPY-2H^+^)(CO)~3~\]^3--^, reveals a high degree of π-delocalization of the added electron pair over the Re tricarbonyl unit, similar to the bonding situation in reference species^[@ref24],[@ref58]^ \[Re(BPY)(CO)~3~\]^−^. The alternative cathodic transformation of \[Re(3,3′-DHBPY-H^+^)(CO)~3~Cl\]^−^ to \[Re(3,3′-DHBPY-2H^+^)(CO)~3~\]^3--^ at R2′ begins with an ETC process at the onset of the wave, which counterintuitively produces the radical anion of the parent complex, Re(3,3′-DHBPY)(CO)~3~Cl\]^•--^. A similar cathodic path is followed by the cationic derivative \[Re(3,3′-DHBPY)(CO)~3~(PrCN)\]^+^ that smoothly reductively deprotonates at R1 to \[Re(3,3′-DHBPY-H^+^)(CO)~3~(PrCN)\], followed by the ETC step at R2′ generating the radical \[Re(3,3′-DHBPY)(CO)~3~(PrCN)\]. In the ultimate reduction step encompassed by the R2′ sequence in PrCN, 6-coordinate \[Re(3,3′-DHBPY-2H^+^)(CO)~3~(PrCN)\]^3--^ replaces the 5-coordinate trianion seen in weakly coordinating THF. This also applies for the cathodic path of \[Re(3,3′-DHBPY)(CO)~3~Cl\] in PrCN at low temperature. Finally, \[Re(3,3′-DHBPY-2H^+^)(CO)~3~\]^3--^ was found in THF to catalyze 2e^--^-reductive disproportionation of CO~2~ to CO with 82% current efficiency, as revealed by IR spectroelectrochemistry and coulometry combined with gas chromatography. The modest catalytic performance places precursor \[Re(3,3′-DHBPY)(CO)~3~Cl\] between more efficient Re/4,4′-DHBPY and poorly performing Re/6,6′-DHBPY congeners.^[@ref46]^ This difference can be ascribed to higher nucleophilicity of the nitrogen atoms in chelated \[4,4′-DHBPY-2H^+^\]^2--^ (see the resonance structure in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}) compared to \[3,3′-DHBPY-2H^+^\]^2--^.^[@ref56]^

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c00263](https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c00263?goto=supporting-info).Electrochemical data with independent numbering ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00263/suppl_file/ic0c00263_si_001.pdf))
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